Deciphering the spatiotemporal coordination between nuclear functions is important to 3 understand its role in the maintenance of human genome. In this context, superresolution 4 microscopy has gained considerable interest as it can be used to probe the spatial organization of 5 namely the ensemble of microscopy techniques providing optical resolution below the diffraction 59 limit (12). For instance, in single molecule localization microscopy (SMLM), the fluorophores are 60 sequentially switched on and off and localized with high precision on each frame, resulting in 61 images with a resolution down to ~20 nm (13)(14)(15). In stimulated emission depletion (STED) 62 microscopy the fluorophores are selectively switched off at the periphery of the diffraction-limited 63 detection spot by a second, doughnut-shaped laser beam, producing an immediate improvement of 64 spatial resolution down to ~50 nm (16). Thus, superresolution can be used to probe spatial 65 organization in the 20-250 nm range, which corresponds to the range of higher order organization of 66 chromatin in the nucleus. This nanoscale spatial organization can be studied in a 'static' way, from 67 images of fixed cells or in a 'dynamic' way, from acquisition of superresolution data in live cells.
Introduction 34
Healthy genome regulation and maintenance rely on the proper spatiotemporal coordination 35 between several nuclear functions. Alterations in chromatin organization are often linked to human 36 diseases (1). An example is represented by DNA transcription and replication, two fundamental nascent DNA replication foci and the Proliferating cell nuclear antigen (PCNA) protein have a 114 high level of proximity and are correlated at a nanometer distance which is close to the limit of 115 our experimental approach. Notably, nascent DNA replication foci and transcription foci are 116 found to be partially correlated but at a distance of ~100 nm, indicating that the two functional 117 sites are spatially segregated at the nanoscale. Overall, these data demonstrate that STED-ICCS can 118 be a powerful tool for the analysis of relative nanoscale spatial distribution of functional sites in the 119 nucleus. 
Results

122
Simulations: STED-ICCS is a robust method to characterize relative spatial distribution at 123 high densities of foci 124 To compare STED-ICCS with object-based analysis, we simulated dual color images of nuclear 125 foci at variable densities (Fig.1) . In each channel, the nuclear foci were simulated as N point-like 126 particles distributed in a 16 µm wide circular region (40) and convoluted with a Gaussian Point 127 Spread Function (PSF) with a Full Width Half Maximum (FWHM) of 3 pixels, corresponding to (colocalized and colocalized in a zone), the RDD shows an additional peak at a distance zero, 140 corresponding to the fraction of colocalized foci, superimposed with the linear trend due to the 141 random distribution ( Fig.1b) . At higher densities of foci ( Fig.1c ), the colocalized fraction 142 retrieved with the object-based analysis (Fig.1f, triangles) deviates from the simulated value 143 (f coloc =0.25). In particular, a deviation of 20% from the expected value is obtained when the 144 number of foci is N=500 (Fig.1f ). For comparison, considering a FWHM value typical of 145 diffraction-limited microscopy, FWHM conf =250 nm, a deviation of 20% is obtained already when 146 the number of foci is N=115. This is due to the lower accuracy in determining the center 147 positions of the foci during the segmentation process. 148 On the other hand, ICCS is able to determine the colocalized fraction independently of the 149 density of foci ( Fig.1g ). In ICCS, the colocalized fraction f ICCS is extracted from the fitting of the 150 image auto-and cross-correlation functions (41, 42) . The amplitude of the cross-correlation 151 function is zero for the uncorrelated sample ( Fig.1d, top) , whilst is positive for both colocalized 152 samples (Fig.1d , mid and bottom). In the range of foci densities explored here, the value of 153 colocalized fraction retrieved by ICCS is consistent with the simulated value ( Fig.1g ), in keeping 154 with previous studies (36). Thus, STED-ICCS can be used to determine the fraction of cross-155 correlated particles also when the density of foci is too high for non-super-resolved methods or, 156 equivalently, when the improvement of spatial resolution is not sufficient to resolve the foci.
An apparent disadvantage of ICCS, in comparison with object-based approaches, is that it 158 provides only an average description of the properties of the sample in the region analyzed. In 159 fact, the two correlated samples shown in Fig.1c (colocalized and colocalized in a zone) produce 160 almost identical correlation functions (Fig.1d ) despite a very different colocalization pattern.
161
Thus, ICCS can be used to extract a value of the colocalized fraction at high density of foci but 162 does not specify where the foci are colocalized. To partially overcome this limitation, we 163 performed local ICCS analysis, i.e. ICCS performed on small sub-regions of the image 164 ( Fig.1e,h ). It has been previously shown that, if the spatial correlation function is calculated 165 locally, one can get maps of physical parameters such as protein velocity (43), particle size (44) 166 or diffusion coefficient of a probe (45, 46) . Local ICCS can be used to generate a map of the 167 value of the colocalized fraction extracted by fitting the local auto-and cross-correlation 168 functions (Fig.1e ). The local ICCS maps show that the two correlated samples (colocalized and 169 colocalized in a zone) have a very different pattern, despite containing the same total fraction of 170 colocalized foci. The spatial resolution of the local ICCS map depends on the size of the sub-171 image employed for the local analysis. For instance, in the example of Fig.1e , the size of the sub-172 image was set to 69 pixels.
173
Measurements on model systems: STED-ICCS detects particles correlated at a distance. 174 Another limitation of STED-ICCS, when compared to object-based analysis, is that it cannot be 175 used to perform a complete statistical analysis of the relative distance between the particles. This 176 feature of object-based analysis is particularly useful to detect characteristic nanometer distances 177 associated to inter-molecular complexes (20). Here we aim to show that, even if it is not able to 178 provide a full statistical analysis, STED-ICCS can provide information on the average distance 179 between correlated particles.
180
In STED-ICCS, the shape of the cross-correlation function is dependent upon the distance d 181 between the two probes and the effective spatial resolution of the STED microscope in the two 182 channels. For two single spots located at distance d along a given direction, if the single channel 183 2D auto-correlation functions have width w 11 and w 22 , the corresponding 2D cross-correlation 184 function has a width equal to w cc =((w 11 2 +w 22 2 )/2) 1/2 and is shifted from the origin of an amount d 185 along the same direction (47). In most real cases, however, the particles are found at all possible 186 orientations with respect to each other. This has two effects on the cross-correlation function, 187 namely a reduction of its amplitude and an increase of the value of its width compared to the 188 value w cc , expected for perfectly coaligned spots. broadening of the cross-correlation function ( Supplementary Fig. S1 ).
195
To demonstrate this effect, we performed STED-ICCS on optical nanorulers, i.e. DNA origami 196 structures designed to contain the same two fluorophores used in our experiments and Atto-532) at a well-defined distance of either d=20nm or d=100 ( Fig.2a,b ). First, we based analysis of STED images of optical nanorulers are reported in (Fig.2c,d ). They contain a 206 peak superimposed to a linear growing component. The distance peak value found in the relative 207 distance distribution (RDD) of the 100-nm nanorulers was d 100nm =100±25 nm (mean±s.d.), in 208 keeping with the expected value. These data indicate that, at the imaging conditions of this 209 sample, we can measure distances with an accuracy σ d~2 5 nm. This sets a lower limit to the 210 distances that can be detected with our experimental setup. In line with this, the distance peak 211 value found in the RDD of the 20-nm nanorulers was d 20nm =40±30 nm.
212
Then we performed STED-ICCS on the same samples. As expected, STED-ICCS detected a 213 positive cross-correlation for both samples ( Fig.2e,f) , with the colocalized fraction being higher 214 in the 20-nm nanorulers (f ICCS =1.04±0.3, mean±s.d.) than in the 100-nm nanorulers 215 (f ICCS =0.66±0.11, mean±s.d.) ( Fig.2g ). More interestingly, the parameter Δw, related to the 216 broadening of the cross-correlation function ( Fig.2h ), was higher in the 100-nm nanorulers 217 (Δw=1.2±0.2 pixels, mean±s.d.) than in the 20-nm ones (Δw=0.15±0.04 pixels, mean±s.d.).
218
According to the simulations, the measured values of Δw correspond to the distance values 219 d ICCS =99±8 nm, for the 100-nm nanorulers, and d ICCS =35±5 nm, for the 20-nm nanorulers, which 220 are in agreement with the peak values found with object-based analysis ( Fig.2i ). Note that the 221 smaller uncertainty in the value of d ICCS is due to the fact that each STED-ICCS measurement is 222 performed on an image containing several tens of nanorulers whilst, in the object-based analysis, 223 the distance is measured on each identified pair of objects.
224
Thus, the relative broadening of the STED-ICCS cross-correlation function can provide 225 nanoscale information on the distance between particles that are not distributed randomly. As validation of our STED-ICCS method, we characterized the nanoscale spatial distribution of 229 three different pairs of functional nuclear sites in the diploid mammary epithelium cells MCF10A. 230 We compared the nanoscale spatial distribution of i) transcription foci (labeled through 231 incorporation of the nucleotide analogue BrU) versus a transcriptionally repressive histone marker 232 (H3K9me3) ( Fig.3a) , ii) nascent DNA replication foci (labeled through incorporation of the 233 nucleotide analogue EdU) versus the replication machinery protein proliferating cell nuclear antigen 234 (PCNA), during early S phase (Fig.3b ), iii) transcription foci (BrU) versus nascent DNA replication 235 foci (EdU), during early S phase (Fig.3c ). The STED-ICCS analysis was compared with an object-236 based analysis performed on the same dataset.
237
Representative dual color STED images of the three samples are reported in Fig.3 . For each image 238 are shown the map of localized spots along with the calculated RDD, the image auto-and cross-239 correlation functions and the map of the colocalized fraction obtained by local ICCS (Fig.3 ).
240
Overall, there was an agreement between the colocalized fraction extracted by the object-based random-like RDD (Fig.4a,b the level of colocalization is due to a different distribution at the nanoscale.
259
To get insight on the relative nanoscale distribution of the correlated functional sites, we analyzed 260 the broadening of the cross-correlation function, Δw (Fig.4d) , and compared it with the relative 261 distance distribution (RDD) derived from the object-based analysis (Fig.4a,b) The RDD of transcription and DNA replication foci in early-S phase cells exhibited a quasi-random 276 relative distance distribution (Fig.4b) . After subtraction of the random component, the RDD showed 277 a small peak indicating a positive correlation at a distance of d BrU-EdU =100±50 nm (mean±s.d.,
278
n=22 cells) (Fig.4b) . Interestingly, STED-ICCS detected a broadening Δw BrU-EdU =2.3±1.0 pixels 279 (mean±s.d., n=22 cells) corresponding to a distance value d BrU-EdU =138±35 nm (Fig.4b,d,e ).
280
Thus, STED-ICCS was able to reveal a correlation between these nuclear sites in the ~100-nm of colocalized fraction but also the characteristic correlation distance associated to correlated 323 nuclear sites. In particular, PCNA was found in close association with EdU-labeled replication 324 foci, with a detected distance of ~50 nm, very close to the experimental limit of the analysis. On 325 the other hand, transcription foci were found at a distance of 130 nm from EdU-labeled 326 replication foci, indicating a spatial segregation at the nanoscale despite both transcription and 327 replication taking place on the same portion on the genome during the early S phase of the cell 328 cycle. Overall, there was a good agreement between STED-ICCS and the object-based analysis, 329 demonstrating that, even without requiring a pre-segmentation, STED-ICCS can provide some of 330 the most attractive features of an object-based analysis.
331
An important point to discuss is how general is the applicability of our method. We have shown 332 experimental data obtained on model and fixed biological samples by dual color STED imaging.
333
In particular, in the conditions of our experiments, we achieved a lateral resolution in the order 334 of ~100 nm. The same type of nanoscale ICCS analysis could be applied to other types of 'static' 335 superresolution images, including images obtained with SMLM. In the case of SMLM, a 336 segmentation of the data is already available making object-based co-localization analysis the 337 method of choice. Nevertheless, we believe that the ICCS analysis could be useful as an 338 independent cross-validation of the results obtained with object-based approaches. Even more 339 interesting appears the application of our method to the analysis of 'dynamic' superresolution 340 images, for which an object-based analysis is less straightforward. In our data, a spatial 341 resolution of the order of ~100 nm was sufficient to characterize the relative nanoscale spatial (41). This step is useful to minimize the effects 432 of nuclear borders on the correlation functions.
433
The 2D correlation functions were then converted into radial 1D correlation functions G ij (δ r ) by 434 performing an angular mean, as described previously (44). The resulting radial correlation functions 435 were then fitted to a gaussian model:
437 in order to extract the amplitude parameters G ij (0) and the width parameters w ij .
438
The amplitude parameters were used to calculate the coefficients of colocalizations M 1 and M 2 (36): The colocalized fraction f ICCS was then calculated as the arithmetic mean of the two coefficients 442 M 1 and M 2 . The broadening of the cross-correlation function with respect to the corresponding 443 auto-correlation function has been evaluated with the parameter Δw=w 12 −w cc , where 444 w cc =((w 11 2 +w 22 2 )/2) 1/2 .
445
To discard bad cross-correlation function fits, we excluded i) fits with a chi-square value 50 446 times larger than the chi-square valueof the auto-correlation function fit; ii) fits with a width w 12 447 too different compared to the average autocorrelation function widths (r w <0.5 or r w >2, where 448 r w =w 12 /(w 11 w 22 ) 1/2 ); iii) fits with a negative offset G ∞ (G ∞ <−0.2 G 12 (0)). In all these cases, we set 449 f ICCS =0. 
Figure Legends
